Abstract: We theoretically investigate the propagation of surface plasmon polaritons (SPPs) for the metal-dielectric-metal slot waveguide coupled to a disk cavity filled with gain material. The transmission and reflection characteristics of the resonant structure are numerically analyzed based on coupled-mode theory. The influence of structure parameters on the spectra of transmission is investigated using a finite-element method. In addition, the incorporation of gain medium can compensate for the loss from metal and, thus, enable the loss-negligible SPP propagation in near-infrared wavelengths, which makes a novel approach of optical switches and lasers based on SPPs possible in the planar optoelectronic compact integration.
Introduction
The waveguide-resonator, which consists of at least one closed loop and input and output ends, has been used in numerous applications such as biosensing [1] , [2] , tunable filters [3] , [4] , and coherent feedback control works [5] . However, such waveguide-resonator has a limitation in subwavelength light-guiding for achieving high-density integrated photonic devices since its typical size is larger than the wavelength of the incident light.
An exotic approach to guide optical fields at deep subwavelength scales is making use of the collective oscillations of conduction electrons at the metal-dielectric interface, so called surface plasmon polaritons (SPPs). The electromagnetic waves on such interface have been considered as energy and information carriers to overcome the diffraction limit of light [6] . A large amount of plasmonic devices have been proposed, such as all-optical switches [7] , [8] , modulators [9] , [10] , couplers [11] , [12] , and slow light waveguides [13] . Furthermore, the 3-D plasmonic waveguide has also been studied for applications in optical circuits [14] - [16] . As a principal component for wavelength selecting or multiplexing/demultiplexing, resonator channel drop filters based on metal-dielectric-metal (MDM) slot structure have also attracted tremendous attention [17] - [20] . Nonetheless, the propagation length is limited by the metal loss, since the propagation loss of surface plasmon wave originates from the negative imaginary part of the refractive index, which is related to the permittivity of the metal. In order to compensate for the metal loss, gain medium was introduced into the plasmonic based devices, both theoretically [21] , [22] and experimentally [23] , [24] . Those works revealed that the incorporation of gain medium can allow little or no loss of SPPs modes propagation [25] - [27] , improve the resolution of near-field lens [28] , and manipulate the group velocity of nano-waveguides [29] .
In this letter, we investigate the performance of a disk resonator coupled to an MDM slot waveguide. The impacts of the diameter of the disk cavity and the distance between the waveguide and the cavity on the transmission characteristics are carefully evaluated. We also show that the incorporation of gain medium in the disk cavity can eliminate the metal loss, enhancing the performance of the resonator in near-infrared (NIR) band.
Model Design and Theory Analysis
The resonator consists of a subwavelength sliver-air-silver slot waveguide and a disk cavity filled with semiconductor material (its dielectric permittivity " ¼ " r þ i" i .) A finite element method is utilized to calculate the transmission and reflection characteristics of such a structure. Perfect matched layers are utilized at all boundaries of the simulation domain. Boundary mode analysis is used to calculate the near-field distribution of the resonator, and the transmission performance can be characterized by the S-parameters. The complex permittivity of Ag can be characterized by the Drude model as follows:
where ! ¼ 2c= is the frequency, " 1 is the dielectric constant at the infinite frequency, and ! p and are the plasma frequency and the collision frequency, respectively. We choose " 1 ¼ 3:7, ! p ¼ 1:38 Â 10 16 Hz and ¼ 2:73 Â 10 13 Hz for the Drude mode, which fits the experimental data in [30] quite well.
Though the coupled mode theory is usually used to theoretically analyze the interaction of a cavity resonator with a common waveguide [31] , it is also applicable to the SPPs waveguide since the dispersion in the waveguide can be neglected in the frequency range of interest (from 1500 to 1900 nm in this paper). The schematic of the resonator is shown in Fig. 1 . Here w , d , and D are the waveguide width, the distance between the waveguide and the cavity, and the diameter of the disk cavity, respectively.
The amplitudes of the input wave injected from port 1 and the wave reflected by the disk resonator are denoted by S þ1 and S À1 . The amplitudes of the output wave to port 2 and the disk resonance mode are denoted by S À2 and a. The equations for the evolution of the disk in time da=dt , and the reflecting wave to port 1 S À1 and the outgoing wave to port 2 S À2 are, respectively, given as follows [31] :
where ! 0 is the resonance frequency, is the propagation constant, L is the interaction length between the resonance modes with the forward and backward propagating waveguide modes, 1= 0 is the decay rate due to the internal loss in the cavity, 1= e is the decay rate of the field in the cavity due to the power escape through the waveguide, and 1 and 2 are the input coupling coefficients associated with the forward and backward propagation modes in the waveguide, respectively.
The squared magnitudes of the coupling coefficients are equal to the respective decay rates into waveguide due to power conservation, and their phases are related to the phase mismatch between the waveguide and resonator modes and the choice of reference planes. Therefore, we can write
where 1 , 2 is the respective phase related to the forward and backward propagating modes, and 1= e1 and 1= e2 are the decay rates in the forward and backward direction, respectively. We choose port 1 as the only input port and S þ1 has a e j!t time dependence. We find a from (2) at steady state is
Furthermore, in the disk cavity, the resonance mode consists of standing wave for the mode decays equally into the forward and backward propagating waveguide mode [32] , thus 1= e1 ¼ 1= e2 ¼ 1= e . Substituting (6) into (3) and (4), the transmission T and the reflection R can be expressed by
and
respectively. From (7) and (8), it can be deduced that far from the resonance frequency ! 0 , the waveguide mode of the input end is completely transmitted. While at the resonance, the transmission spectrum has a minimum value T min of ð1= 0 Þ 2 =ð1= 0 þ 1= e Þ 2 . Meanwhile, the reflection spectrum has a maximum value R max of ð1= e Þ 2 =ð1= 0 þ 1= e Þ 2 . Moreover, if the internal loss is neglected ð1= 0 ¼ 0Þ, the incident mode is completely reflected at the resonance frequency ! 0 , and the spectral width of the resonance only depends on 1= e , which presents the coupling strength between the waveguide and the cavity. As gain medium is incorporated, 1= g is introduced to show the growth rate of the field in the cavity relating to the gain by replacing 1= 0 with 1= 0 À 1= g . Fig. 1 . Schematic of the resonator structure with an MDM slot waveguide coupled to a disk cavity filled with semiconductor medium.
Results and Discussion

The Influence of the Structure Parameters on the Transmission Characteristic
To evaluate the dependence of device performance on the structure parameters, a finite element method is employed to numerically simulate the transmission characteristic. First, the impact of the diameter D on the transmission T is analyzed at various operating wavelengths. The results are shown in Fig. 2 . D varies from 200 to 1000 nm in steps of 200 nm, while fixing d ¼ 15 nm and w ¼ 60 nm. At wavelength ranging from 1500 to 1900 nm, the silicon filling in the cavity has a constant dielectric permittivity " of 12.25. Here, the width of the waveguide is set to be 60 nm, which is much smaller than the operating wavelength so that only the fundamental transverse magnetic waveguide mode can be excited. Although some device dimensions will present challenge for the device fabrication, the devices can be realized utilizing the electron beam lithography tool, which can achieve ultrafine gap less than 100 nm [33] .
For all the spectra of devices with different D, at each resonance wavelength, a dip with a minimal value of transmission T min is observed, which is in agreement with the coupled mode theory. It is also observed that the maximum value of transmission T max is less than 0.9, which might be attributed to two factors. Firstly, the coupling distance d is so small that the transmission modes are partly coupled into the cavity even at the non-resonance wavelength region. Secondly, it should be ascribed to the metal loss. The off-resonant transmittance is not linearly related to the diameter of the cavity. When D is larger than 600 nm, the transmittance becomes lower, which could be ascribed to the more propagation loss in the lager disk cavity as more contact area between the metal and dielectric.
Additionally, with the increase of D, more resonances show up in the cavity, giving flexibility to the design of band-stop filters.
The distributions of magnetic field jH z j 2 corresponding to above resonance modes in Fig. 2 are illustrated in Fig. 3 . Based on the standing wave equations, the relationship between the resonance wavelength and the diameter of the disk cavity is n eff D eff ¼ m 0 ðm ¼ 1; 2; 3; . . .Þ, where n eff is the effective refraction index of the disk, D eff is the effective diameter of the disk cavity, m is the mode number, and 0 is the resonance wavelength. Considering the case in Fig. 3(a) for D ¼ 200 nm, the resonance wavelength is located at 1632 nm, and the mode number of 1 can be derived from the equation. Similarly, in Fig. 3(b) when D ¼ 400 nm, the secondorder resonance ðm ¼ 2Þ occurs at 1764 nm. When enlarged the diameter D of the disk cavity, more complicated multiple-resonance modes come up in the device, which is consistent with device with rectangular cavity geometry in [18] . For D ¼ 600 nm, the third-order resonance ðm ¼ 3Þ exhibits two resonance wavelengths at 1835 and 1854 nm, as shown in Fig. 3(c) and (d). As D is continually increased to 800 nm and 1000 nm, there exist three resonances corresponding to two resonance mode orders [see Fig. 3(e)-(j) ]. It should be noted that more cavity modes of higher orders can be generated in the larger disk cavity. As the size of the disk cavity increases, two modes of the same order localize apart (in the center or at the interior edge of the disk), which can be noticed from Fig. 3(f)-(i) . In Fig. 3(e) , (g), and (i), the plasmonic modes are propagating at the metal-dielectric interface, and the higher order resonance mode for the same diameter is formed at shorter wavelength as can been noticed in Fig. 3(e) and (g) .
Secondly, the transmission spectrum can be influenced by the distance between the waveguide and the cavity, as shown in Fig. 4 . d varies from 15 to 55 nm in steps of 10 nm, when fixing D ¼ 400 nm and w ¼ 60 nm. The value of d is set to be smaller than 60 nm to make sure that the dip of the transmission spectra can be observed obviously. Considering the single mode propagation condition, the spectrum is chosen in the range of 1690 to 1790 nm. Along with increasing d , T min for individual resonance increases, and the resonance valley gets the blue-shift and narrower width. Based on above theoretical analysis, it can be concluded that the increase of d results in a weaker coupling strength between the waveguide and the cavity, implying a smaller 1= e . Since 1=Q ¼ 1=Q 0 þ 1=Q e ¼ 2=ð! 0 0 Þ þ 2=ð! 0 e Þ, higher quality factor Q and smaller spectral width of the resonance can be deduced due to smaller 1= e . Furthermore, we observe that the T max for the spectra is slightly increased as d becomes larger due to the weakened coupling between the waveguide and the cavity. It can be seen that the device performance is very sensitive to the d parameters. Therefore, the process error during the device fabrication must be eliminated by the optimal robustness of design and process compensation. 
Effect of the Incorporation Gain in the Material Filling the Cavity
We now study the influence of gain medium in the cavity on the transmission and reflection characteristics of the disk resonator. InGaAsP ð" ¼ 11:38 þ i" i Þ is chosen as gain medium for its relatively high refractive index and high gain generated. The gain can be achieved with either optical or electronic pumping. In the absence of pumping, its " i is negative, and InGaAsP should be lossy. With increasing pumping, " i increases accordingly. Eventually InGaAsP exhibits gain as its " i becomes positive. Fig. 5(a) shows the difference between T =R spectra for the cavities filled with silicon ð" ¼ 12:25Þ and InGaAsP ð" ¼ 11:38 À i0:1Þ. The structure parameters are set as w ¼ 60 nm, D ¼ 400 nm, and d ¼ 35 nm. Here, the distance between the waveguide and the cavity is set to be 35 nm to make sure that the coupling in cases of silicon and InGaAsP are both obvious to be investigated. In both cases the metal loss is included. At the resonance wavelength, the transmission efficiency for the cavity filled with InGaAsP is 0.12 larger than that of the silicon cavity. Furthermore, it shows that the resonance wavelength of the InGaAsP filling cavity gets a blue-shift from 1741 to 1679 nm compared with the silicon device.
The jH z j 2 distributions in cavities filled with InGaAsP (without pumping) and silicon, are shown in Fig. 6(a) and (b) , respectively. Comparison of the magnetic profiles in these two devices suggests that there is more internal loss in the cavity with silicon. Hence, gain medium must be introduced to promote the performance of the cavity in the NIR band. Fig. 5(b) plots the T =R spectra as a function of the imaginary permittivity " i of InGaAsP at 1679 nm. It can be seen that, as " i is negative, unlike T , the reflection R is not so sensitive to the gain. With increasing pumping, " i becomes positive, gain introduced begins to compensate for the metal loss. At the point of " i ¼ 0:0533, T quickly decreases to zero while R increases up to 0.8216, indicating that the metal loss has been eventually compensated. Fig. 5(c) compares the spectra of T =R of the cavities filled with InGaAsP ð" ¼ 11:38 þ i0:0533Þ and silicon ð" ¼ 12:25Þ. The same structure parameters are chosen as Fig. 5(a) . In the cavity with InGaAsP, the metal loss is included. The incident mode in InGaAsP case is nearly completely reflected at the resonance wavelength, which is quite similar to the silicon case without metal loss. At the resonance, T reaches zero, indicating that the metal loss in the cavity has been fully compensated by gain medium. While at the non-resonance wavelength, the T max of gain medium case is still lower than 1, due to the internal loss in the waveguide. Similar magnetic profiles of the two cases are also observed, as shown in Fig. 6(c) and (d) .
Besides the application in band-stop filters, such a structure with InGaAsP medium can be used as the gain-assisted switch for MDM plasmonic waveguide, in which the on and off states correspond to the absence and presence of pumping, respectively. Moreover, it may also function as a plasmonic laser when the cavity loss, including both the metal loss and coupling to the waveguide, is compensated by the gain.
Conclusion
In conclusion, the propagation of SPPs in the disk resonator with gain medium based on subwavelength MDM slot waveguide is simulated using a finite element method. The coupled mode theory has been utilized to investigate the transmission and reflection characteristics analytically. The diameter D of the disk cavity and the distance d between the waveguide and the cavity are systematically optimized. Furthermore, the incorporation of gain medium can eliminate metal loss in NIR band, which enables long-range propagation and maintains strong confinement simultaneously for densely integrated switching and laser systems on electro-optical chips.
